Aims Technological advances in cardiac imaging have led to dramatic increases in test utilization and consumption of a growing proportion of cardiovascular healthcare costs. The opportunity costs of strategies favouring exercise echocardiography or SPECT imaging have been incompletely evaluated.
Introduction
Controversy exists surrounding the relative advantages of using exercise echocardiography as compared with nuclear SPECT imaging, both in terms of their diagnostic accuracy and the added costs associated with these imaging modalities. [1] [2] [3] [4] [5] The National Institute of Clinical Excellence (NICE) recently synthesized the evidence on the role of SPECT imaging and noted that strategies involving nuclear imaging were likely to be dominant or provide added benefits worth the higher cost when compared with the exercise electrocardiogram or direct coronary angiography in intermediate pre-test risk patients. 3 Recent reports have also noted a lower cost and superior diagnostic specificity with stress echocardiography as compared with SPECT imaging. 1,2 Despite several meta-analyses, the effectiveness of these procedures defined using each test's prognostic accuracy has been reported in several observational studies but limited comparative data is available in similarly at-risk populations. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Future health policy decisions that might favour one modality over another would have tremendous implications for the millions of patients who undergo cardiac imaging each year. Thus, the aim of the current study was to compare the prognostic accuracy and incremental cost-effectiveness [i.e. to identify cost-effectiveness ratios ,$50 000 per life year saved (LYS)] of exercise echocardiography and SPECT imaging in symptomatic, intermediate risk patients who were consecutively and prospectively enrolled in an observational registry of seven imaging laboratories.
Methods

Patient entry criteria
This series comprises a total of 9521 intermediate pre-test risk patients with stable chest pain symptoms (i.e. Canadian Cardiovascular Society Class I or II) undergoing evaluation for suspected myocardial ischaemia. A description of the methods to discern a patient's pre-test risk is described below. A total of 4884 patients were referred for exercise echocardiography from the Cleveland Clinic Foundation, University of Indiana, and Asheville Cardiology Associates (Asheville, NC, USA). Portions of this patient series have previously been published. 6 A total of 4637 patients were referred for exercise SPECT imaging from the Hartford Hospital, the Cleveland Clinic Foundation, Cedars-Sinai Medical Center, and St Louis University Health Sciences Center. Portions of this patient series have previously been published. 14 
Exercise testing procedures
Exercise testing was performed using the standard or modified Bruce protocol. Standards for conducting stress testing and terminating exercise were consistent with the current American College of Cardiology/American Heart Association Guidelines for exercise testing. 18 Generally, patients exercised until the point of volitional fatigue unless marked electrocardiographic abnormalities, haemodynamic instability, chronotropic incompetence, ventricular tachycardia or fibrillation, or disabling chest pain symptoms occurred. The Duke treadmill score was calculated using the following equation: exercise time 2 [(5 Â ST-segment changes) 2 (4 Â chest pain index) (1, non-limiting; 2, limiting)]. 19 Intermediate risk Duke treadmill score (score .211 and ,4) patients were considered as optimal candidates for referral for cardiac imaging based upon the American College of Cardiology/American Heart Association Guidelines for the evaluation of stable chest pain. 17, 18 Echocardiographic and SPECT imaging procedures Echocardiographic and SPECT imaging acquisition protocols utilized in this study have been previously reported. 6, [20] [21] [22] [23] 
Exercise echocardiography
Rest and immediate post-exercise echocardiography was performed using standard equipment and imaging planes. Identical imaging planes were employed for the rest and immediate post-exercise time period. 20 Digital image processing was used to display side-by-side images for comparison of inducible wall motion changes with exercise. Images were also stored on videotapes. The exercise echocardiogram interpretation included a comparison of differences between the exercise and rest images. All interpretations were completed without knowledge of the patient's clinical history, exercise test data, or knowledge of any angiographic information. The results of the exercise echocardiogram were made available to the overseeing physician and may have influenced post-test management decisions.
We employed previously described standard criteria for the interpretation of the exercise echocardiogram. 21, 22 A normal response to maximal exercise was defined if the patient's resting and immediate post-exercise regional left ventricular (LV) function was comparable. Studies were considered abnormal if any wall motion abnormality (WMA) was noted on either the rest or immediate post-exercise images. If an abnormality involved either the basal inferior or septal walls, involvement of an adjacent segment was required for defining an abnormality. 23 Markers of myocardial infarction (MI) included documentation of akinesis or dyskinesis on the resting images. Documentation of new or worsening WMA noted in the immediate post-exercise images signified myocardial ischaemia. For comparison to SPECT and in order to define the extent of infarction or ischaemia, abnormal echocardiographic segments were combined into one, two, and three vascular territories. 14 The left anterior descending territory included the apex, anteroseptal, septal, and anterior walls. The left circumflex territory included the lateral wall. The right coronary artery (RCA) territory was comprised of the inferior and basal septal walls. Abnormalities noted on the posterior wall were attributed to either the circumflex or RCA vascular territories; isolated posterior wall abnormalities were ascribed to the left circumflex vascular territory.
Exercise SPECT Protocols for acquisition, processing, and image interpretation for SPECT employed at each site have been previously described 14, 16 and included the use of a one-or two-day imaging protocol. The radioisotope used for SPECT imaging was Tl-201 in 43% of patients and Tc-99m sestamibi in 57% of patients. For Tc-99m sestamibi imaging, average doses of 8 and 22 mCi were injected at rest and 1 min prior to the termination of exercise testing. For Tl-201 imaging, an average of 3 mCi was injected at 1 min prior to the termination of exercise testing.
Imaging acquisition, performed over a 1808 semicircular orbit, was performed at rest and following exercise using a tomographic gamma camera interfaced with a computer. Tomographic datasets were acquired in a 64 Â 64 matrix with 32 projections for Tl-201 and 64 projections for Tc-99m using a step-and-shoot format. Image processing was accomplished using a ramp back-projection filter where each complete set of horizontal and vertical long-axis and short-axis images were normalized to maximal myocardial activity. SPECT interpretation was performed by experienced readers who were blinded to clinical, exercise, and angiographic data. Evidence of inducible myocardial ischaemia was defined using a slice-by-slice comparison of the stress vs. resting images to evaluate changes in myocardial perfusion. For documentation of fixed defects (i.e. infracted areas), a persistent defect at rest and exercise was required. Inducible myocardial ischaemia was defined when new or worsening perfusion abnormalities were noted with exercise on the SPECT scan.
Ischaemia coding
The extent of ischaemia was defined for echocardiography using the number of vascular territories with new or worsening WMA. Similarly, for exercise SPECT, the number of vascular territories with myocardial perfusion abnormalities was used to assess ischaemia extent. For both modalities, the ischaemia extent score ranged from 0 to 3 vascular territories.
LV function coding
For echocardiography, resting LV function was assessed visually using a qualitative score of normal or abnormal. Resting WMA were also assessed using a qualitative assessment of normal, mild, moderateseverely reduced ventricular function. 6, 21 Each of these echocardiographic categories were correlated with ECG-gated ejection fraction measurements by SPECT of !55%, 36-54%, and ,35%, respectively.
Follow-up procedures
Each participating centre had IRB approval for the inclusion of patients in this registry, as well as for the collection of follow-up data. Patients were contacted at 1-year intervals post-testing. During the telephone contact, a scripted interview was completed by an experienced nurse or physician. During this interview, each patient or a family member was queried for the occurrence of major adverse cardiac events (i.e. cardiac death or non-fatal MI). Three-year follow-up was .95% for patients tested at each laboratory site.
Data collection for hospitalizations and clinical events
Major adverse events included cardiac hospitalizations for congestive heart failure, unstable angina, or MI. The date of hospitalization for MI was documented. In addition, each patient's medical record was queried for the use and date of any coronary revascularization procedure including percutaneous coronary interventions (PCIs) or coronary bypass graft surgery. The use of cardiac catheterization in the post-test time period was recorded for each patient. As well, the occurrence and date of all-cause death was documented for each patient. For an event occurrence, the patient's medical record, death certificate, and/or referring physician were contacted for corroboration of the occurrence as well as dates of the event(s). All events were confirmed by an experienced physician who was blinded to all clinical, exercise, and imaging data. A cardiac death was defined as that occurring within 24 h of an acute MI, from an ischaemic cardiomyopathy, or following sudden cardiac death.
Statistical analysis
Continuous variables were expressed as mean and standard deviation, and compared by t-tests or analysis of variance techniques. Categorical variables were recorded as frequency or percentiles, and compared by x 2 test. A two-tailed comparison was considered significant with a P-value ,0.05.
Defining pre-test clinical risk
Pre-test clinical risk was defined using an estimated predicted rate of cardiac death or MI, derived from a Cox proportional hazards model that included age, gender, diabetes, angina class, cigarette smoking, hypertension, diabetes, hyperlipidaemia, prior revascularization, and previous MI or history of coronary disease as well as a propensity score described below. 14, 24, 25 For intermediate risk patients, the annual risk of cardiac death or non-fatal MI was in the range of 1% to 3% per year. Thus, patients whose pre-test risk was within this range were eligible for study entry. This range was chosen as it represented the 'typical' range of patients referred to an imaging laboratory and was consistent with prior guidance documents on defining the intermediate risk patient. 14, 18, 24, 25 For this analysis, the average yearly rate of death or MI, as predicted by this clinical risk model, was clinically similar at 1.7% for echocardiography and 1.7% for SPECT imaging. Specific details of the Cox modelling methods are described below. In additional analyses, we subset this patient cohort to those patients with an annual risk of events from ,2% and !2%.
Propensity score
For each of the cost and outcome risk-adjusted analyses, a propensity score was developed to control for referral bias to the initial imaging procedure, coronary angiography, and revascularization procedures as well as other variations in practice and referral pattern across sites. 24 The propensity score was developed based on multivariable logistic regression predictors of referral for three procedures including: (1) the initial imaging procedure; (2) coronary angiography; and (3) coronary revascularization. Propensity scores were added to each multivariable cost and clinical outcome models as covariates.
In the model to control for initial referral decision, the following variables were entered into a model: site, cardiac risk factors (e.g. age, gender), and history of coronary artery disease (CAD). From this model for initial test choice, the C-statistic was 0.842. In the catherization model that included variables from the prior model plus the electrocardiographic and imaging test results, the C-statistic was 0.893. In the final model estimating coronary revascularization, all of the prior variables were included plus the extent of CAD at catheterization. For this last model, the C-statistic was 0.913.
Cox proportional hazards models
The primary endpoint for this analysis was time to cardiac death or acute non-fatal MI. Time to coronary revascularization was collected and censored at the time of the procedure. Univariable and multivariable Cox proportional hazards models were used to assess time to cardiac death or MI by the extent of ischaemia.
In order to define a similarly at-risk population, we developed a baseline Cox proportional hazards model that included cardiac risk factors and prior coronary disease history (noted above in the pre-test clinical risk section). From this model, predicted rates of cardiac death or non-fatal MI were calculated. Annual rates of death or MI were calculated by dividing observed event rates by the length of follow-up. Patient entry was limited to those with intermediate risk defined as an annual risk of cardiac death or non-fatal MI ranging from 1 to 3%. 17, 18 Risk-adjusted models were devised to control for underlying risk differences between the two imaging modalities. 24, 25 A multivariable Cox proportional hazards model, including clinical and exercise test variables, was developed for the estimation of time to cardiac death or MI. Patients undergoing coronary revascularization were censored at the time of their procedure. Cox models were stratified by test type (i.e. echocardiography or SPECT imaging) for the calculation of separate survival plots. Stratified models were also devised for the Duke treadmill score and for patients with a prior history of coronary disease. To prevent model overfitting, we included one variable for every 10 clinical outcomes. The final multivariable model included all significant estimators of time to cardiac death or MI with a P , 0.20. To control for differences in site characteristics and varying referral patterns, a propensity score was included as a covariate in each of the multivariable prognostic models (as described earlier).
Life expectancy estimates
Methodologies for estimating patient life expectancy have been previously published.
26, 27 However, in brief, following the development of prognostic models, age-and gender-specific life expectancy estimates were derived from published estimates from the National Center for Health Statistics. 26 However, life expectancy was changed to the time of follow-up for patient's dying during observed follow-up. That is, estimates of life expectancy were corrected for patients with observed death rates by calculating life years remaining as age at testing þ time to follow-up before death. For surviving patients, we further corrected life expectancy estimates based on the product of their general population estimate and the predicted risk-adjusted survival as determined using a Cox proportional hazards model including clinical risk data (see pre-test risk section for details). That is, we derived a 5-year risk-adjusted rate of cardiac death using similar clinical risk models (as described earlier in the pre-test clinical risk section) to their remaining life years using a product function. From the adjusted life expectancy estimates, we compared years of life remaining in patients undergoing and not undergoing coronary revascularization using a general linear model that included a propensity score as a covariate.
Cost analysis
Detailed resource utilization was obtained through epidemiologic tracking of clinical outcomes and major cardiovascular procedure use. Standard cost estimations were calculated using a median of hospital charges (adjusted by a national median cost-charge ratio and varied in sensitivity analyses by available published cost data. 24, Standards for cost accounting were based upon published reports and prior guidance documents. Total diagnostic costs included the cost of initial testing (either exercise echocardiography or SPECT imaging) as well as the use of a diagnostic angiogram. Follow-up costs included the use of coronary revascularization procedures and cardiac-related hospitalizations. 39, 40, 42, 46 In addition, drug costs were based on Redbook prices using average wholesale price by drug class including a range of common prescribing doses (www.pdrbookstore.com, access date July 4, 2004) . Composite costs were calculated as the sum of cardiac diagnostic procedures, revascularization, drug, and hospitalization costs. Costs as well as clinical outcomes were discounted over the follow-up at a rate of 3% per annum.
Lifetime costs were derived using a future value estimate based upon observed 3-to 5-year costs predicted through each patient's life expectancy as estimate from the National Center for Health Statistics. 26 We also derived 5-year predicted resource consumption and hospitalization rates, based upon Cox regression models, for each patient and using a similar methodology of applying the product of an expected consumption rate over their life expectancy. Our rates of resource utilization and hospitalization were then meticulously compared with prior published estimates. Costs were inflation-corrected based upon years 1988-2003 rates determined by the consumer price index using the US city average for medical care services (http://data.bls.gov/servlet/SurveyOutputServlet, access date August 27, 2003) .
Comparisons of cost data by echocardiography or SPECT imaging risk groupings were performed using univariate and multivariate ANOVA or general linear modelling techniques, controlling for the pre-test clinical risk index and propensity score (as described earlier).
Cost-effectiveness analysis
A decision analytic model was developed to determine clinical outcome and economic data for exercise echocardiography and SPECT using a variety of programs including TreeAge Pro (TreeAge software 2005, Williamstown, MA, USA) and Answer Tree (www.spss.com, version 3.1) software. As stated above, for the cost-effectiveness analysis, the life expectancy estimates were also discounted at a rate of 3% per year. The difference in LYS was calculated as D total life years from echocardiography minus SPECT.
A marginal or incremental cost-effectiveness ratio was calculated as D cost/LYS. The calculation of incremental cost-effectiveness was defined as (total cost for exercise echocardiography) 2 (total cost for exercise SPECT)/(total life years for exercise echocardiography) 2 (total life years for exercise SPECT). The recommended threshold for economic efficiency was set at ,$50 000/ LYS. We further employed a sensitivity analysis varying both cost and outcome inputs. Cost-effectiveness calculations were performed across a range of annualized rates of cardiac death or MI (1 to !3%). For each cost-effectiveness analysis, all cost inputs were also varied by +25% differences in procedure and hospitalization costs.
Results
Clinical characteristics of the study population
In this consecutive series of 9521 intermediate pre-test risk patients, those referred to exercise echocardiography were slightly older (P ¼ 0.004), more often female (P , 0.0001), and had a lower prevalence of traditional cardiac risk factors (all P , 0.0001). Only 24% of patients referred to echocardiography had a prior history of coronary disease; lower than that of patients undergoing exercise SPECT imaging (P , 0.0001) ( Table 1) .
Exercise test and cardiac imaging results
Patients undergoing exercise echocardiography had a lower prevalence of ischaemic ST-depression (P , 0.0001) as well as inducible WMA as compared with gated SPECT imaging (P , 0.0001). The vast majority of patients undergoing both echocardiography and SPECT imaging had an intermediate Duke treadmill score (79% for echocardiography and 86% for SPECT imaging) (P , 0.0001) ( Table 1) .
Clinical outcomes
Event-free survival is plotted in Figure 1 for patients undergoing exercise echocardiography and SPECT imaging. Overall rates of cardiac death or non-fatal MI were significantly higher for patients referred for exercise SPECT (P , 0.0001); 4.3% for SPECT imaging vs. 3.2% for echocardiography.
In a risk-adjusted Cox survival analysis ( Figure 2) ; controlling for risk factors, age, gender, symptoms, coronary disease history, and including a propensity score, the prognostic value of inducible ischaemia was similar for both imaging approaches (Model x 2 ¼ 218; P , 0.0001; test for interaction P ¼ 0.24). Risk-adjusted cardiac death or MI Percentage or mean + SD or standard deviation (as specified). a Based upon qualitative estimates for echocardiography and quantitative measurements from SPECT imaging subsets of 25%, 26-39%, 40-49%, !50%.
rates ranged from 2.3 to 8.0% for 0 to 3 vascular territories with new or worsening WMA on exercise echocardiography. Similarly, for exercise SPECT imaging, cardiac events ranged from 3.5 to 11.0% for 0 to 3 vascular territories with reversible myocardial perfusion defects (Figures 1-3 ).
Subset analysis
Both echocardiography and SPECT exhibited a similar ability to stratify risk-adjusted cardiac event rates in patients with an intermediate Duke treadmill score ( Figure 3 ) and in those patients with a prior history of coronary disease (Figure 4) . In the 6822 patients with an intermediate Duke treadmill score and no prior coronary disease history, annual rates of death or MI ranged from 0.7 to 2.3% for SPECT imaging and 0.8 to 2.0% for echocardiography (test for interaction P ¼ 0.34). For the 1836 patients with a prior history of coronary disease, the annualized rates of cardiac death or MI by ischaemia extent were 4.0, 4.7, 6.0, 8.7% for echocardiography and 3.5, 4.5, 5.0, and 8.3% for SPECT, respectively (test for interaction P ¼ 0.60).
LV function estimates and event-free survival
A smaller proportion of the current patient registry had visual estimates of resting normal vs. abnormal LV function by echocardiography (n ¼ 4884) or quantitative measurements by ECG-gated SPECT imaging (n ¼ 4008). Overall event-free survival was similar for patients by measures of LV function as determined by either echocardiographic or SPECT imaging techniques (model x 2 ¼ 164; P , 0.0001), after controlling for pre-test clinical risk including cardiac risk factors. For patients with normal (i.e. !55%) LV function, event-free survival approximated 98% at 3-years (P , 0.0001). For patients with mild-moderately (i.e. 35-54%) and severely (,35%) depressed LV function, eventfree survival approximated 95% (P ¼ 0.001) and 91% (P , 0.0001) at 3-years, respectively.
Post-test downstream resource consumption
In a total population of 2667 patients with inducible ischaemia, 10% higher rates of cardiac catheterization were noted for exercise SPECT as compared with echocardiography ( Table 2 , P , 0.0001). However, higher cardiac catheterization rates were noted for the subsets of patients with ischaemia undergoing echocardiography for suspected coronary disease (6% higher, P , 0.0001) and for those undergoing SPECT in the setting of established coronary disease (6% higher, P ¼ 0.001). Few patients (,1%) with no inducible ischaemia were referred to diagnostic cardiac catheterization within 90 days post-testing. By 3 years, a similarly low rate of PCI or coronary bypass surgery was noted for patients without exercise-induced perfusion or WMA (i.e. ,2%).
Post-test time to coronary revascularization
A comparison of the time to coronary revascularization resulted in a differential pattern of intervention for echocardiography and SPECT imaging. The frequency of revascularization was similar for those with one-, two-, and three-vessel ischaemia undergoing echocardiography and SPECT imaging (P ¼ 0.45, P ¼ 0.79, and P ¼ 0.31). The overall time to coronary revascularization was significantly earlier for patients with evidence of ischaemia on echocardiography or SPECT imaging with 73% of revascularization occurring 90 days post-testing in patients with ischaemia (P ¼ 0.038). Overall, however, SPECT ischaemia was associated with a greater frequency of revascularization ( Table 2 ) and reduced time to intervention among patients with established coronary disease (x 2 ¼ 32; P , 0.0001). Conversely, among study patients with suspected coronary disease, it appears that the use of cardiac catheterization was more selective and resulted in a higher diagnostic yield for those referred to exercise echocardiography. Of those with inducible ischaemia, the frequency of referral to cardiac catheterization was higher with SPECT (38.0 vs. 28.1% for echocardiography; P , 0.0001). A greater referral to revascularization was noted after echocardiography with 64.1% of the 'cathed' patients also undergoing PCI or coronary bypass surgery as compared with only 41.1% of those referred to SPECT imaging who were 'cathed' (P , 0.0001). In addition, in patients with an intermediate Duke treadmill score, earlier and more frequent coronary revascularization was noted for patients with echocardiographic ischaemia (x 2 ¼ 4, P ¼ 0.05). 
Diagnostic and follow-up costs
Life expectancy estimates
As a result of an older age, median life expectancy was lower for echocardiography; even after controlling for past medical history, symptoms, and cardiac risk factors (as well as including the propensity score) (echocardiography ¼ 19.5 years vs. SPECT ¼ 21.2 years; P , 0.0001). Further calculation of the expected change in life expectancy after coronary revascularization revealed a consistent pattern-more frequent use of coronary revascularization and earlier time to revascularization resulted in greater improvements in life expectancy for patients referred to either test modality (P , 0.0001). Specifically, for patients with suspected coronary disease, an additional 2 years of life was predicted for patients undergoing coronary revascularization following echocardiographic imaging (P , 0.0001). An additional 3 years of life accrued for patients undergoing coronary revascularization after SPECT imaging with a prior history of coronary disease (P , 0.0001) ( Table 3) .
Cost-effectiveness analysis
A calculation of the cost-effectiveness of exercise echocardiography as compared with SPECT imaging revealed an overall ratio of $72 187 (sensitivity range ¼ $60 688-$78 941) per LYS; above the threshold for economic efficiency of ,$50 000/LYS. Differences existed for specific subsets of the patient cohorts. When echocardiography was compared with SPECT imaging in patients with an intermediate Duke treadmill score, the cost/LYS was $39 506 (sensitivity range ¼ $34 537-$44 475) per LYS, revealing a marginal benefit in favour of echocardiography. Conversely, SPECT imaging was found to be incrementally cost-effective when compared with echocardiography for patients with a prior history of coronary disease; $32 381 (sensitivity range ¼ $29 359-$35 402) per LYS. In this latter subset, greater use of anti-ischaemic drugs and surgical revascularization therapies ($3184 median higher costs of care) resulted in an additional 1.4 LYS for SPECT imaging patients (P , 0.0001) ( Table 3) .
We further explored the cost-effectiveness of echocardiography vs. SPECT imaging by examining patient subsets whose annual risk of cardiac death or MI was ,2% and !2% ( Figure 5) . The incremental cost-effectiveness ratios were economically favourable for exercise echocardiography when the baseline risk of cardiac events was ,2.0% per year ($20 565/LYS) but increased to $344 283/LYS for patients with an annualized risk of death or MI !2%. This relationship was maintained following a sensitivity analysis that varied both the cost and the frequency of patient clinical outcomes by +25%.
Based on these results, if 100% of patients with an annualized risk of death or MI ,2% received 100% utilization with exercise echocardiography, a 60% cost savings (or $2564 over 3 years) could be achieved when compared with 100% use of exercise SPECT imaging (P , 0.0001). For those whose annual event risk was !2%, a shift to 100% use of SPECT imaging would result in per patient savings of $11 124 over 3-5 years of follow-up care (P , 0.0001).
Discussion
Diagnosis and treatment costs for cardiovascular disease consume a large amount of healthcare resources. 3, 46 Cardiac imaging is a major contributor to rising healthcare costs with estimates of more 7 million tests performed and growth rates as much as 25% annually in the US and Europe. 3, 4, 46, 51, 55, 56 From the National Health Service, current expenditures for SPECT imaging are in the range of £111 000-£157 000 per 500 000 of the population. 3 In the US, Medicare reimbursement for echocardiography and SPECT encompass 28% of total reimbursements to Cardiologists, costing over $1 billion per year.
56
Although differential diagnostic accuracies have been reported, 57, 58 the lions share of cost-effectiveness analysis employ decision-analytic or simulation models. [1] [2] [3] 5, 38, 44, 45, 47, 58 Decision analytic approaches often rely on assumptions (e.g. 100% of patients with abnormal stress results undergo coronary angiography) that do not mirror actual practice patterns and, as such, modelling results can be less generalizable. 1, 2, 5 Similar to the recent literature synthesis by the British Cardiac and British Nuclear Cardiology Societies, 4 the current report focuses on the use of 'real world' effectiveness data; in this case, a comparative analysis of exercise echocardiography vs. SPECT imaging in a This table includes a presentation of non-parametric tests for median differences in cost. Additional analyses were also performed using GLM techniques risk-adjusting for clinical covariates and the imaging procedure propensity score. For all comparisons, the non-parametric test results were similar to the linear analysis and were presented above.
cohort of 9521 intermediate pre-test risk patients undergoing standard-of-care myocardial ischaemia testing.
In the continuing development of efficient, outcomeguided patient testing strategies, it appears that incremental cost-effectiveness results are highly sensitive to the underlying risk in the population being tested. 1, 2, 5, 24, 53, [57] [58] [59] For lower risk symptomatic patients (i.e. annual risk of cardiac death or MI ,2%), exercise echocardiography was cost-effective and its application across a healthcare system could result in substantial cost savings (i.e. $2564 per patient) when compared with SPECT imaging. These results are consistent with our current understanding that: (1) a high diagnostic specificity for exercise echocardiography could minimize cost waste 57, 58 and (2) an abnormal wall motion at peak stress, in the lower risk patient with frequently normal resting ventricular function, is associated with significant obstructive coronary disease. From our understanding of demand ischaemia, WMA elicited later on in the ischaemic cascade have an increased risk of a high grade coronary stenosis, whereas perfusion abnormalities may be provoked in the setting of an intermediate lesion.
For the diagnostic population, stress-induced WMA resulted in a more selective and optimized referral pattern to cardiac catheterization where nearly two-thirds of the 'cathed' patients underwent subsequent coronary revascularization. For those with echocardiographic ischaemia, the decision to revascularize frequently occurred early after testing resulting in an improved life expectancy. Thus, the lower cost and high diagnostic yield for exercise echocardiography renders this test economically attractive for lower-risk diagnostic populations. Similarly, a prior decision model reported that exercise echocardiography was cost-effective when compared with PET, planar, and tomographic SPECT, and angiography at $41 900 per quality-adjusted LYS for both women and men. 2 'High-risk' cost-effectiveness optimizes care for secondary prevention populations By comparison, from the NICE cost-effectiveness decision models, SPECT imaging either dominated over or was highly cost-effective (i.e. cost per quality-adjusted life years ¼ £6489) when compared with other diagnostic modalities when the test's sensitivity exceeded 90%. 3 This unfolds another testing pattern operating in intermediate risk populations that SPECT is most cost-effective when the precision for detecting prognostically significant coronary disease states is a preferred factor in patient management. 4 Thus, although for lower-risk patients, confirming or ruling out a diagnosis is of high priority, in those stable patients with an elevated risk of major adverse cardiac events, treatment is preferentially guided by the extent and severity of ischaemia. Furthermore, of those intermediate-high risk patients, the precise delineation of the extent and severity of inducible ischaemia by SPECT resulted in cost-effective care.
This latter notion is consistent with the idea of 'high-risk' cost-effectiveness where testing and treatment that are linked to effective risk reduction results in enhanced costeffective patient management. 59 Specifically, in diseased or higher risk (yet stable) populations, the improved life expectancy or added life years with ensuing treatment influence cost-effectiveness. From our results, SPECT ischaemia was associated with a greater frequency and reduced time to coronary revascularization in patients with a history of coronary disease (P , 0.0001), resulting in a greater gain in life expectancy of 1.1 years and incremental cost-effectiveness ratio of $32 381/LYS.
Differential strategies to guide diagnostic imaging
Thus, as we compile our current evidence base, it appears that for lower-risk patients the use of stress echocardiography is becoming increasingly advantageous. From the current results, for lower-risk patients (e.g. those with an intermediate Duke treadmill score), when stress echocardiography was compared with SPECT imaging, earlier and more frequent coronary revascularization (P ¼ 0.05) produced a cost/LYS of $39 506, revealing the economic superiority of echocardiography.
In a prior study by Marwick et al., 27 a decision model revealed the enhanced marginal cost-effectiveness of exercise echocardiography as compared with electrocardiography. Despite slightly higher initial costs, exercise echocardiography was associated with a marked reduction in downstream confirmatory diagnostic procedures, resulting in cost-effectiveness ratios of $2615/LYS when compared with exercise electrocardiography. Thus, there is growing support for the application of exercise echocardiography as the test choice for this lower risk subset of patients with suspected coronary disease.
By comparison, the selective strategy employing a perfusion-guided approach to care appears economically attractive for stable chest pain patients with an elevated cardiac risk profile (i.e. coronary disease risk !2% or higher). It is possible that the more recent use and prognostic importance of determining the extent and severity of myocardial perfusion abnormalities has resulted in post-test strategies that are more selective in guiding the intensity of management. 4 From the NICE evaluation, the results from 22 prior economic models were synthesized into a composite decision model where the majority of results revealed that SPECT imaging was incrementally more cost-effective (i.e. using the disease-specific definition of cost per correct classification) when compared with the exercise electrocardiogram. 3 Although no comparison was made with echocardiography, using a definition of cost per quality-adjusted LYS, ratios from £1991 to $40 316 were reported for exercise SPECT vs. the electrocardiogram.
Study limitations
Current analytical methods for risk-adjustment and propensity scoring may be insufficient for 'levelling' the differences between the referral populations. As such, significant differences in baseline risk between the two testing cohorts can confound the current results. Despite these methodologic concerns, a post hoc sample size calculation revealed that the current sample was sufficiently powered to detect differences in event-free survival and cost following stress echocardiography and SPECT imaging (b ¼ 0.80; a ¼ 0.05). In addition, in an era of enhanced patient privacy protections, precise delineation of direct patient costs is problematic. To this end, we employed sensitivity analyses and included prior published cost estimates to estimate the total cardiac costs of care.
Conclusions
Current health care practice guidelines and policy recommendations focus on the development of health care standards of practice tied to available evidence in the formulation of practice guidelines (e.g. NICE). Our results indicate that substantial cost savings could be realized should health care policies allocate resource use on the basis of both clinical outcomes and cost-effectiveness data. The current results define a combined clinical and cost-effectiveness-driven testing strategy that favours the use of stress echocardiography as the first line diagnostic test and as the driver of cardiac catheterization in lower risk, suspected coronary disease populations. However, for intermediate risk patients, our results support the use of slightly more expensive SPECT imaging for the large population of patients with established coronary disease who are being evaluated for recurrent or progressive, stable angina. Furthermore, the use of SPECT imaging is also costeffective in higher risk populations whose cardiac event risk is at least 2%. Such a population would include those patients who are diabetic, with peripheral arterial disease, or those with chronic kidney disease. Widespread application of the testing approach suggested by our data could result in substantial cost savings to a healthcare system, and a survival benefit to those patients at-risk for future major cardiac events. This data support the routine and growing application of both echocardiography and SPECT imaging as highly clinically accurate at risk detection and cost-effective in the management of stable chest pain patients, as interpreted by experienced cardiologists. Furthermore, this data stand in controvert to the recently introduced healthcare policies aimed at restricting imaging utilization within the cardiology community.
